This study presents an investigation of the acoustical properties of multi-component polyester nonwovens with experimental and numerical methods. Fifteen types of nonwoven samples made with staple, hollow and bi-component polyester fibers were chosen to carry out this study. The AFD300 AcoustiFlow device was employed to measure airflow resistivity. Several models were grouped in theoretical and empirical model categories and used to predict the airflow resistivity. A simple empirical model based on fiber diameter and fabric bulk density was obtained through the powerfitting method. The difference between measured and predicted airflow resistivity was analyzed. The surface impedance and sound absorption coefficient were determined by using a 45 mm Materiacustica impedance tube. Some widely used impedance models were used to predict the acoustical properties. A comparison between measured and predicted values was carried out to determine the most accurate model for multi-component polyester nonwovens. The results show that one of the Tarnow model provides the closest prediction to the measured value, with an error of 12%. The proposed power-fitted empirical model exhibits a very small error of 6.8%. It is shown that the Delany-Bazley and Miki models can accurately predict surface impedance of multi-component polyester nonwovens, but the Komatsu model is less accurate, especially at the low-frequency range. The results indicate that the Miki model is the most accurate method to predict the sound absorption coefficient, with a mean error of 8.39%. Keywords polyester, nonwoven, airflow resistivity, impedance, sound absorption, models Porous sound absorbers are widely used to reduce noise and to control reverberation time. Energy loss caused by viscous effects and thermal losses are primarily the mechanisms involved in sound absorption by porous materials.
high absorption, fibrous materials are popular sound absorbers. 2 The noise reduction application of inorganic fibrous materials, such as glass fiber and mineral wool, has attracted considerable attention due to their large specific surface area and high acoustical performance. The characteristic impedance and sound absorption of glass fiber and mineral wool were investigated using impedance tubes and the Johnson-Champoux-Allard (JCA) model in Wang and Torng's study. 3 They stated that the difference in sound absorption is not obvious for materials with different bulk densities. Chen and Jiang 4 compared the sound absorption of activated carbon fiber and glass fiber separately laminated with pure cotton, pure ramie and pure polypropylene (PP) nonwovens. Their results indicated that nonwovens with activated carbon fiber as a surface layer have better sound absorption than nonwovens with a surface layer of glass fiber. Although inorganic fibrous materials have significant advantages, there are potential human health problems as a result of inhaling fibers or due to skin irritation and settling in the lung alveoli. 5 Thus, some researchers have investigated the usage of natural fibers instead of inorganic fibers.
Compared to glass fiber and mineral wool, natural fibers as sound-absorbing materials have relatively high thermal and acoustic performances and are more environmentally friendly. Reviews of the acoustic properties of natural fibers can be found in the literature. 6, 7 The sound absorption and physical properties of nonwovens produced via needle-punching through combining banana, bamboo and jute fibers with PP staple fibers have been reported in the ratio of 50:50. 8 The results showed that the bamboo/PP nonwoven exhibits higher stiffness, better sound absorption, higher tensile strength, lower elongation, lower thermal conductivity and lower air permeability. It is known to be more suitable for interior automotive noise control than other fiber composites. Oldham et al. 9 carried out experiments for sound absorption on cotton, wool, ramie, flax, jute and sisal fiber through impedance tube and reverberation chamber measurements. They studied the accuracy of the Delany-Bazley and Garai-Pompoli models for the prediction of the absorptive properties of natural fibers. They stated that the two prediction models agree with measured data for natural fibers with less than 60 mm diameter. However, these models have less than satisfactory applicability in the case of most natural fibers, where fiber diameters are relatively large.
Beside inorganic and natural fibers, synthetic fibers presently play an important role in applications for noise reduction. Unlike natural fibers, synthetic fibrous materials can be more widely used in various applications for noise reduction due to their structural diversity. Pelegrinis et al. 10 applied an alternative model based on the Kozeny-Carman equation to theoretically predict the airflow resistivity of polyester materials with uniform fiber diameter. The airflow resistivity retrieved using the Miki model applied to absorption coefficient data was compared with the predicted airflow resistivity. The results indicated that the flow resistivity retrieved from the acoustical absorption data agreed well with that predicted by the Kozeny-Carman model, giving an error within 10%. The thermal properties and sound absorption of high-loft nonwovens made by staple, hollow and bi-component polyester were reported by Yang et al. 11, 12 The results showed that high-loft polyester nonwovens result in a sound absorption that shows a strong correlation with their thermal resistance. In addition, it was concluded that polyester nonwovens show the best sound absorption performance with airflow resistivity of 6000 Pa s/m
2 . An investigation by Tascan and Vaughn 13 into the acoustical insulation of different types of polyester fiber was also carried out. In this work it was stated that materials with three-denier fibers were better sound insulators than those with 15-denier fibers. It also indicated that 4DG and trilobal polyester fibers have better sound insulation results than nonwoven fabrics made from round fibers.
Although a number of studies related to the acoustic properties of fibrous materials have been reported, there are only a few publications focusing on multicomponent polyester nonwovens.
14 Thus, the aim of the current study is to investigate the airflow resistivity, impedance and sound absorption of multi-component polyester nonwovens by using practical measurements and existing prediction methods. The accuracy between the measured and predicted results is analyzed.
Some models for airflow resistivity and impedance prediction
The presently widely used sound absorption prediction methods are based on the theory proposed by Zwikker and Kosten. 15 In their theory, the surface characteristic impedance of a rigidly backed layer of porous material with finite thickness can be calculated from the following equation
where Z s is the surface characteristic impedance, Z c is the characteristic impedance, k is the propagation constant and l is the material thickness. Then, the normalincidence sound absorption coefficient can be derived from the surface characteristic impedance as
where is the sound absorption coefficient, R is the pressure reflection coefficient, 0 is the air density at room temperature and c 0 is the sound speed in air media at room temperature.
Airflow resistivity models
In the majority of impedance models, the airflow resistivity is the critical parameter to predict the characteristic impedance and propagation constant. The airflow resistivity is a measure of how easy air passes through a porous absorber and the resistance that airflow meets through a structure. This measure gives an estimate of the sound energy penetrated in the material pores and lost due to inertia and viscous effects in the pore structure. Therefore, airflow resistivity is a very important parameter to determine accurately. Xue et al. 14 proposed a modification based on the existing models for two-component fibrous materials with varying fiber diameter. In their paper, the micro-computed tomography (micro-CT) measurement was applied to obtain the fiber radii distribution. By applying the fiber radii distribution in one of the Tarnow models, they accurately predicted the airflow resistivity of materials having two fiber components. Models for predicting the airflow resistivity by using bulk density, porosity and mean fiber diameter are available. 16 Existing models can be categorized into two groups: theoretical and empirical models. A summary of some commonly used theoretical and empirical models is given in Table 1 .
The theoretical models for airflow resistivity are mainly based on two theories: drag force theory and capillary channel theory. The capillary channel theory assumes that the flow through the porous material is treated as a conduit flow between cylindrical parallel capillary tubes. 17 The flow resistivity is theoretically related to the material bulk density, fiber diameter and porosity, as suggested by Carman. 17 Pelegrinis et al. 10 modified the Kozeny-Carman model to predict more accurately the airflow resistivity of uniform fiber diameter polyester material. In drag force theory, the fibers in the porous material, or in other words the walls of the pores in the structure, are treated as obstacles to an otherwise straight flow of the fluid and the fibers cannot be displaced. 18 Drag force theory models demonstrate the relationship between permeability and the internal structural architecture of the porous material, unlike capillary flow theory. Langmuir developed the earliest equivalent dimensionless permeability for flow parallel to an array. 19 A new method to calculate the airflow resistivity of randomly placed parallel fibers based on Voronoi polygons was presented by Tarnow. 20 He proposed a two-dimensional model that consists of parallel fibers randomly spaced for flow perpendicular to or parallel with the fibers. Since samples in this study have a perpendicular-laid fiber structure, one of the Tarnow's models used to predict airflow parallel passing through fibers arranged in random lattice is listed in Table 1 .
The empirical airflow resistivity model was first introduced by Nichols, 21 which requires an adjustable parameter 0:3 x 1. Nichols' model was modified by Garai and Pompoli 22 for accurate prediction of airflow resistivity for double-fiber component polyester materials. Manning and Panneton 23 established three simple airflow resistivity models based on the weight of evidence approach for Shoddy fiber materials that were 20 Airflow is parallel to fibers arranged in random lattice 14 because the fiber components used in our research have various lengths. The fiber diameter was calculated by using the length-weighted average method; the detailed method will be introduced in the Materials section.
Impedance models
When modeling the acoustical behavior of porous materials, non-acoustic parameters such as porosity, airflow resistivity, tortuosity, thermal permeability and viscous and thermal characteristic lengths are difficult to determine. Therefore, usage of empirical models that are developed by the regression method based on a reduced set of non-acoustical parameters is more popular. As described with Equations (1) and (2), it is essential to obtain the characteristic impedance and propagation constant to predict the surface characteristic impedance and sound absorption coefficient. Therefore, several impedance models are introduced in this section. The summary of the formula for these impedance models is presented in Appendix A.
Delany-Bazley model. Delany and Bazley
24 carried out several impedance tube measurements in the 1960s with which they could derive empirical relationships between the impedance and propagation constant to the airflow resistivity (see Equations (A1) and (A2) in Appendix A). These relationships are widely used across quite a wide frequency range due to the reasonable estimations. It is necessary to note that several empirical models have been developed based on the Delany-Bazley model. In the Delany-Bazley model, 24 only a non-acoustical parameter of airflow resistivity is required to predict acoustical characteristics.
Miki model. Miki 25 developed a new regression model based on experimental data from Delany and Bazley's study in 1989. Miki's proposed modifications to the Delany-Bazley model were in order to generate a more accurate model, valid for a broader frequency range (see Equations (A3) and (A4) in Appendix A).
Garai-Pompoli model. A new simple model for airflow resistivity prediction was developed by Garai and Pompoli. 22 They also presented a modified impedance model based on the Delany-Bazley method (see Equations (A5) and (A6) in Appendix A). The accuracy of the Delany-Bazley, Dunn-Davern and GaraiPompoli prediction models was investigated by comparing the measured sound absorption of polyester materials with diameters ranging from 18 to 48 mm, 22 suggesting a suitable method of prediction for the acoustical characteristics of polyester materials. They performed a similar set of measurements on polyester materials to those of Delany-Bazley.
Komatsu model. Komatsu 26 proposed a new prediction model (Equations (A7) and (A8) in Appendix A) based on the impedance tube measurements from 15 types of glass fiber and nine types of mineral wool samples in 2008. The airflow resistivity of the samples ranges from 6000 to 72,900 PaÁ s/m 2 . He stated that this new model was more accurate for the prediction of the acoustical properties of a fibrous material when compared with the Delany-Bazley and Miki models.
Materials and methods Materials
In this study, three samples were selected. Firstly, a polyester nonwoven sample was produced using vibrating perpendicular technology. In addition, two commercially available types of polyester nonwoven materials that were made separately using rotationvibration perpendicular technology. 12, 27 Sample WM20 was prepared using perpendicular rotation technology; samples STG1 and STG2 were produced using perpendicular vibration technology. The fiber content in all of the samples in this study was the same. The sheath part of bi-component fibers was low-melting polyethylene terephthalate (PET). Three types of polyester fiber exist in the polyester materials. In order to get a cross-sectional slice of fibers, resin embedding technology was utilized. Cross-sectional and longitudinal microscopic images were also captured (see Figure 1 ) at the Technical University of Liberec using a JENAPOL microscope and NIS-elements software.
To prepare polyester nonwoven samples with various densities and thicknesses, the heat pressing method was used. Samples WM20, ST G1 and ST G2 were compressed under 600 Pa pressure at 130 C for the duration of 5 minutes. Thickness gauges were used to ensure the specific thickness attained at the end of this process. In Table 2 , the characteristics of the polyester specimens are listed. The content percentage of samples is based on weight. The mean fiber diameter is the length-weighted average value, as defined in Equation (3) . Reproducible statistics were ensured through 250 fiber diameter measurements for each type of fiber. According to ASTM C830-00, sample porosities were determined 28 as " ¼ 1 À = f , where f is the fiber density, which was 1141.82 kg/m 3 for the fiber material used in this study, and is the fabric bulk density. The densities of the three fiber types were measured by the liquid pycnometer method. 29 Since the closed pores have little or no effect on the airflow resistivity and sound absorption, voids in hollow fibers were not included in this analysis. 30 By means of an Alambeta device (SENSORA), fabric thicknesses were measured and fabric surface density was determined according to ISO 9073-1:1989. 31 Figure 2 shows that the majority of fibers in an uncompressed sample are vertically orientated and parallel arranged. The fiber orientation angle in this study ( Figure 2 , areas highlighted with red arrows) was defined as the angle between the surface of the material specimen and the dominant fiber axis. Such an angle is dependent on the material density or compression degree of the fibrous specimen. During the process of the heat press, the angle of fiber orientation decreased and, consequently, the thickness of the specimen reduced and the material density increased.
where d i is the fiber diameter obtained from average value of 50 fibers and l i is the total fiber length for each type of fiber in a unit volume of nonwoven fabric
where W i is the fiber total weight in a unit volume of nonwoven fabric and i is the fiber density. Circular specimens of 100 mm diameter were cut with an Elektronische Stanzmaschine Type 208. Measurements were carried out in a standard setup for air flow resistivity. In the current study, the airflow resistivity was measured directly with an AFD300 AcoustiFlow device (Gesellschaft fu¨r Akustikforschung Dresden mbH, Dresden, Germany) according to ISO 9053:1991. 32 The AcoustiFlow device determines the airflow resistivity based on the direct airflow method on open porosity porous materials. For each polyester nonwoven fabric, 10 samples were measured to ensure the reproducibility of the airflow resistivity experiment; the results are summarized in Table 2 .
Impedance tube measurement
The acoustic properties of materials can be evaluated by steady-state methods, reverberant chamber methods, impedance tube methods, etc. In this study, the impedance tube was used to obtain normal-incidence impedance. The surface impedance of polyester nonwovens was determined according to ISO 10534-2. 33 The 45 mm impedance tube manufactured by Materiacustica was used to carry out the impedance measurements. The measurement frequency range was between 200 and 4200 Hz. The lower boundary was chosen to be higher than the tube limit in order to avoid inaccuracies caused by structural vibrations or phase mismatch. 34 The measurements of airflow resistivity and impedance were carried in the Jonas Lab at the University of Sheffield. For each nonwoven fabric, 10 samples were measured.
A schematic of the two-microphone impedance tube setup used in this work is depicted in Figure 3 . The steady-state pressure in the impedance tube is given by
where A is a complex constant, R is the pressure reflection coefficient, k is the propagation constant and x is the position of the sample surface in the tube. There are two standard methods for sampling the pressure within the tube: the standing wave ratio method and the transfer function technique. 1 The second method was applied for the determination of impedance in this work. The transfer function between two microphone positions in the impedance tube is measured as shown in Figure 3 . The transfer function is the ratio of pressure between two microphone positions
and then using Equation (5), the transfer function is given by where x 1 and x 2 are the positions of the microphones, as shown in Figure 3 . From Equation (7), the complex pressure reflection coefficient can be obtained by
Appling Equation (8) to Equation (2), the surface impedance and sound absorption coefficient are consequently attained.
Results and discussion
The predicted and measured impedance, airflow resistivity and sound absorption coefficient of multi-component polyester nonwovens are presented in this section. The accuracy of impedance and airflow resistivity models was investigated, comparing the relative prediction errors.
Airflow resistivity
In order to investigate the accuracy of airflow resistivity models, the relative errors, , between predicted and measured data were calculated according to the following equation
where m is the measured airflow resistivity, p is the predicted airflow resistivity and N is number of tested configurations (N ¼ 15). Figure 4 presents the comparison of the predicted airflow resistivity values against the measured values. The minimum, mean and maximum prediction errors among the polyester nonwoven samples are shown in Figure 5 . The predicted airflow resistivity values based on theoretical and empirical models are shown in Figure 6 as a function of the bulk density. It is observed that the relative prediction error lies in the range of 12-32.5%. It can be found that the minimum and maximum errors have the same trend as the mean relative errors from Figure 5 . In the three groups of prediction models, the capillary channel theory models (Kozeny- Figure 6 shows that the model developed by Langmuir significantly overestimates the resistivity. Therefore, the Langmuir model exhibits the highest relative error with a value of 32.5%. The most accurate model for the airflow resistivity of multi-component polyester nonwovens is the Tarnow model, which is accurate within 12%. Furthermore, when materials are of relatively lower density, the Tarnow model gives a higher accuracy, whereas this model exhibits higher variation compared to measured values at a high density range. To explain this phenomenon, the fiber orientation angle was decreased with the increase in the density for high specimen compression, as illustrated in Figure 2 and Table 2 . Reduction in the fiber orientation angle leads to the airflow no longer being parallel to the fibers. As the orientation angle approaches 0, the airflow becomes perpendicular to the fibers. For compressed materials, the measured airflow resistivity (see Figure 6 ) is higher than that predicted by the Tarnow model, which works better when the flow is parallel to the fibers. It can be concluded that the Tarnow model is more accurate for multi-component polyester with lower density and airflow resistivity. For samples with a denser structure and lower airflow resistivity, the Pelegrinis et al. model is more accurate. The Garai-Pompoli and Manning-Panneton models predict similar values of airflow resistivity. The linear regression between measured and predicted value is also presented in Figure 4 . that the predicted airflow resistivity by the Tarnow model for denser samples is relatively low compared with the measured value. The coefficients of determination for the models are over 0.95. Although one drag force theory model exhibits acceptable accuracy for multi-component polyester nonwovens, the two empirical models are not reliable, as they overestimate the airflow resistivity by 24%. The same type of simple empirical model was developed by power-fitting the values of measured resistivity, which is presented in Equation (10) . The fitted empirical model is show in Figure 6 . The relative prediction error of the fitted empirical model is 6.8%. Surface impedance and absorption coefficient
The effect of a porous surface on the incident acoustic wave can be characterized by four interrelated acoustic quantities: impedance, admittance, pressure reflection coefficient and absorption coefficient. The impedance, admittance and pressure reflection coefficient describe the magnitude and phase change in the wave upon reflection. The absorption coefficient only gives information about the energy change on reflection. 15 The impedance models introduced in the previous section were used to predict the characteristic impedance and propagation constant. By substituting the characteristic impedance and propagation constant into Equations (1) and (2), the surface impedance and sound absorption can be easily obtained. The surface impedance contains a real part (resistance) and an imaginary part (reactance). The real part of the surface impedance is associated with energy propagated in the material, and the imaginary part is associated with phase changes. Thus, the surface acoustic impedance gives more insightful information about the absorbing properties of a material than the absorption coefficient. The predicted surface impedance and absorption coefficient will be demonstrated in this section. In addition, the accuracy between the predicted and measured absorption coefficients will be presented.
Delany and Bazley advised that their method is more accurate in the range of 10 À2 f 1. 23 In order to verify the adaptability of the Delany-Bazley model for predicting impedance and sound absorption of multi-component polyester nonwovens, the f against frequency is presented in Figure 7 for the materials considered in this study. The slope of each line is equal to the reciprocal of airflow resistivity (). It can be seen that one sample with 4108 Pa s/m 2 airflow resistivity demonstrates a high value of f (i.e. 41) from 4108 to 4200 Hz, which means that the sample with the lowest airflow resistivity has 2.3% invalid prediction range in the whole measurement range (200-4200 Hz). Miki, Garai and Komatsu stated that their methods had wider confident prediction ranges compared with the Delany-Bazley method. 21, 25, 26 Thus, the predicted and measured impedance absorption coefficients was also compared in this paper in the frequency range of 200-4200 Hz.
One sample of WM20 type nonwoven with 5757 Pa s/m 2 airflow resistivity was chosen to determine 
Relative Prediction Error
Minimum error Mean error Maximum error Figure 5 . The minimum, mean and maximum prediction error based on some airflow resistivity models. The mean error d was obtained using Equation (9). The absorption coefficient of six multi-component polyester nonwovens is shown in Figure 9 . The airflow resistivity and thickness of each of these samples are also listed in the graph. The sound absorption results measured by the impedance tube are plotted in the frequency range of 200-4200 Hz. As expected, the sample with the highest airflow resistivity and smallest thickness shows the lowest absorption coefficient in the whole measurement range. Meanwhile, the sample with 5757 Pa s/m 2 airflow resistivity and 24.09 mm thickness has the highest sound absorption performance in the mid-and high-frequency bands (i.e. 2000-4200 Hz). The thickest sample exhibits the best sound absorption capability at the low-frequency band. It can be seen that the decrease of thickness results in decreasing of the absorption coefficient at the low-frequency band. This result is expected. 11, 35 The effect of airflow resistivity on the sound absorption performance was also investigated in our previous study. 12 It was found that the sound absorption coefficient of fibrous materials with similar thickness increases with the increasing airflow resistivity up to around 6000 Pa s/m 2 . After that the absorption coefficient decreases with the increase in airflow resistivity. 12, 36 By applying the predicted surface impedance into Equation (2), the calculated absorption coefficient can be rapidly attained. A similar method for comparison between measured and predicted airflow resistivity was used to analyze the prediction errors of the sound absorption coefficient among the four models. The relative prediction errors on the sound absorption coefficient, , were calculated according to the following equation
where meas is the measured absorption coefficient and pred is the predicted value. As shown in Figure 8 and Appendix C, the Komatsu model demonstrates the lowest accuracy in surface impedance prediction. Consequently, the error in the absorption coefficient based on the Komatsu model can be very high as compared with that when predicted with the Delany-Bazley and Miki models. In order to clearly show the adaptability of the models for multicomponent polyester nonwovens, the prediction error with the Komatsu model is separately presented in Figure 10 . The errors in predictions with the DelanyBazley, Miki and Garai-Pompoli models are shown in Figure 11 . The Komatsu model exhibits the highest error of 125% for the sample with 12,868 Pa s/m 2 airflow resistivity. This error is relatively low when the resistivity is small. The Komatsu method shows around 70% for its mean error, while the values from other three methods are less than 15%. From Figure 11 it is found that the Delany-Bazley and Miki models have similar accuracy. The difference in their mean It can be considered that the results with an error of less than 10% are accurate enough for this type of analysis, as the value of bulk density and thickness for a fibrous material can vary due to several uncertainties during measurements. Uncertainties such as fabric compression, fiber density and any inaccuracy or noise that is present during the acquisition of the acoustical data might have resulted in erroneous data. 34 Thus, it can be concluded that the Delany-Bazley and Miki models are superior in terms of the sound absorption coefficient when compared against the GaraiPompoli and Komatsu models. It can also be concluded that the Miki model can be used to accurately predict the sound absorption coefficient of multi-component polyester nonwovens.
Conclusion
This work studied the airflow resistivity, impedance and sound absorption properties of multi-component polyester nonwoven materials by using experimental and numerical methods. Samples made with three types of polyester fibers were chosen to carry out this study. The airflow resistivity and impedance tube measurements were performed in the Jonas Lab at the University of Sheffield. The values of airflow resistivity were obtained through the AFD300 AcoustiFlow device. Impedance and sound absorption coefficient measurements on some samples were conducted by using a Materiacustica impedance tube. Six models based on capillary channel and drag force theories as well as the empirical method were used to predict airflow resistivity. One simple empirical model based on the Nichols 21 method was proposed. The proposed empirical model demonstrates an error of 6.8% by simply using the fiber diameter and nonwoven bulk density as input. The airflow resistivity results also indicated that one of the models proposed by Tarnow 20 exhibits the most suitable prediction, with the relative error of 12.0%.
The Delany-Bazley, Miki, Garai-Pompoli and Komatsu models were applied to predict the acoustic properties. Subsequently, the measured and predicted values of the acoustical properties were compared to study their prediction accuracy. It was found that the Komatsu model is the least accurate to predict the surface impedance, especially in the low-frequency range. The Delany-Bazley and Miki models showed a good agreement with the measured real and imaginary parts of the surface impedance. It was also observed that the Delany-Bazley and Miki models can accurately predict absorption coefficient for multi-component polyester nonwoven materials. The Miki model exhibits the lowest mean relative error of 8.39%. 
